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generated	 action	 effects.	 In	 the	 present	 study	 we	 investigated	 whether	 auditory	
sensory	 suppression	 is	modulated	 as	 a	 function	of	 sounds	 being	 generated	by	 the	


















Imagine	 yourself	 walking	 down	 a	 dark	 street	 at	 night.	When	 hearing	 footsteps,	 it	





generating	 an	 action’	 (Gallagher,	 2000).	 The	 feeling	 of	 agency	 is	 crucial	 for	
distinguishing	self-generated	actions	from	actions	generated	by	others.	As	such	the	
neurocognitive	mechanisms	underlying	the	feeling	of	agency	may	support	self-other	
distinction	 and	 may	 contribute	 to	 the	 subjective	 feeling	 of	 self-awareness	 (de	
Vignemont	&	Fourneret,	2004;	Gallagher,	2000;	Pacherie,	2008).	
	 In	 the	 last	 two	 decades	many	 studies	 have	 investigated	 the	 functional	 and	
neural	mechanisms	underlying	the	feeling	of	agency	(for	review,	see:	David,	Newen,	
&	Vogeley,	2008;	de	Vignemont	&	Fourneret,	2004;	Kuhn,	Brass,	&	Haggard,	2012).	A	




and	 /	 or	 somatosensory	 areas	 to	 anticipate	 the	 sensory	 consequences	 of	 our	
movements	(Wolpert,	1997).	The	feeling	of	agency	is	typically	studied	by	introducing	
visuo-spatial	 or	 temporal	 deviations	 between	 observed	 and	 actual	 movements	
(Fourneret	&	Jeannerod,	1998;	Franck	et	al.,	2001;	Kannape	&	Blanke,	2012;	Kannape,	
Schwabe,	Tadi,	&	Blanke,	2010;	R	Salomon,	Lim,	Kannape,	Llobera,	&	Blanke,	2013;	
van	den	Bos	&	 Jeannerod,	2002).	 It	 has	been	 found	 for	 instance,	 that	 small	 visuo-
spatial	 angular	 deviations	 result	 in	 an	 online	 automatic	 correction	 of	 ongoing	










due	 to	 the	 increased	 difficulty	 to	 anticipate	 the	 touch	 (e.g.	 Blakemore,	 Frith,	 &	
Wolpert,	1999).	It	has	also	been	suggested	that	hallucinations	in	schizophrenia	may	




with	 sensory	 suppression	 for	 self-generated	 action	 effects.	 For	 instance,	 self-
generated	touch	is	perceived	as	less	intense	than	externally	generated	identical	tactile	
stimuli	 (Blakemore	 et	 al.,	 2000)	 and	 is	 associated	 with	 reduced	 activation	 in	
somatosensory	areas	 (Blakemore,	Wolpert,	&	Frith,	1998).	Similarly,	 self-generated	
sounds	 and	 self-generated	 light	 flashes	 are	 perceived	 as	 less	 intense	 and	 are	


































condition	 compared	 to	 externally	 presented	 sounds	 in	 the	 ‘auditory-only’	 blocks	
(Baess	et	al.,	2011;	Baess,	Widmann,	Roye,	Schroger,	&	Jacobsen,	2009).	In	a	recent	
study	 it	 was	 found	 that	 patients	 with	 focal	 cerebellar	 lesions	 showed	 a	 reduced	
sensory	suppression	for	self-generated	sounds	(Knolle,	Schroger,	Baess,	&	Kotz,	2012).	
Given	 the	 importance	 of	 the	 cerebellum	 in	 supporting	 internal	 forward	models	 of	
motor	control	(Miall,	1998),	this	finding	substantiates	the	interpretation	that	auditory	
suppression	reflects	a	predictive	process.	More	specifically,	it	is	argued	that	the	brain	
anticipates	 upcoming	 sounds	 based	 on	 efferent	 signals	 related	 to	 the	 motor	
commands,	which	results	in	a	reduced	auditory	response	to	anticipated	compared	to	
unanticipated	 stimuli	 (Bendixen,	 SanMiguel,	 &	 Schroger,	 2012;	 Hughes	 &	Waszak,	
2011).		
Several	 studies	 have	 focused	 on	 the	 different	 factors	 that	 may	 influence	
sensory	 suppression	 and	 on	 several	 potential	 confounds	 that	 could	 underlie	 the	
effects	observed.	An	obvious	concern	is	that	the	reduced	auditory	responses	during	
self-generated	 sounds	 are	 related	 to	 increased	 arousal	 during	 preparatory	 motor	
processes.	However,	sensory	suppression	has	also	been	observed	when	self-produced	















found	 that	 sensory	suppression	 is	automatic	and	 independent	of	attention	 (Saupe,	
Widmann,	Trujillo-Barreto,	&	Schroger,	2013;	Timm,	SanMiguel,	Saupe,	&	Schroger,	
2013).	Other	 studies	 have	 controlled	 for	 the	 effects	 of	 temporal	 predictability,	 for	
instance	by	using	different	temporal	delays	between	the	action	and	the	sound	and	by	
introducing	 externally	 cued	 sounds	 (Horvath,	 Maess,	 Baess,	 &	 Toth,	 2012;	 Lange,	
2011;	 Sowman	 et	 al.,	 2012).	 It	 has	 been	 found	 for	 instance	 that	 N1	 suppression	
decreases	with	 longer	stimulus-onset	asynchronies	(SOAs),	whereas	P2	suppression	
was	 unaffected	 by	 the	 temporal	 delay	 (SanMiguel,	 Todd,	 &	 Schroger,	 2013).	
Furthermore,	 temporal	 cueing	 of	 sounds	 resulted	 in	 a	 similar	 suppression	 of	 the	
auditory	P2	component	as	observed	for	self-generated	sounds	(Sowman	et	al.,	2012),	
indicating	 that	 sensory	 suppression	 may	 be	 partly	 related	 to	 effects	 of	 temporal	
predictability.		
Most	studies	on	agency	and	sensory	attenuation	have	focused	selectively	on	




2013).	 However,	 as	 the	 example	 from	 the	 introduction	 illustrates,	 many	 of	 our	






tactile	 or	 visual-proprioceptive	 conflicts	 (Aspell,	 Lenggenhager,	 &	 Blanke,	 2009;	
Blanke,	 2012;	 Ionta	 et	 al.,	 2011;	 Lenggenhager,	 Tadi,	Metzinger,	 &	 Blanke,	 2007).	
Interestingly,	it	has	also	been	shown	that	people	show	only	limited	awareness	of	their	





dissociation	 between	 the	 feeling	 of	 agency	 and	 the	 actual	 bodily	 movements	 as	
observed	for	hand	movements	(Fourneret	&	Jeannerod,	1998).	In	another	study	it	was	
















the	 neural	 mechanisms	 supporting	 the	 visuo-motor	 transformations	 required	 for	
reaching	and	grasping	towards	objects,	indicating	a	crucial	role	for	multisensory	areas	
like	the	middle	intraparietal	sulcus	in	guiding	upper	limb	reaching	movements	(Colby	
&	Goldberg,	 1999;	 Culham	&	Valyear,	 2006)	 or	 the	 anterior	 intraparietal	 sulcus	 in	
preshaping	the	hand	for	grasping	(AIP;	e.g.	Grafton,	2010;	Jeannerod,	Arbib,	Rizzolatti,	
&	Sakata,	1995).	The	visuo-motor	control	of	the	lower	limbs	relies	more	strongly	on	
contributions	 from	 the	 cerebellum	 and	 the	 posterior	 parietal	 cortex,	 supporting	
visually	 guided	 locomotion	 and	 obstacle	 avoidance	 (Drew,	 Andujar,	 Lajoie,	 &	
Yakovenko,	 2008;	 Drew,	 Jiang,	&	Widajewicz,	 2002).	 EEG	 studies	 have	 also	 shown	
differences	in	motor-related	signals	between	hand	and	foot	movements,	most	notably	








An	 important	 question	 is	 whether	 the	 neural	 mechanisms	 supporting	 the	
feeling	of	agency	are	effector-independent	or	also	differ	between	the	hands	and	the	
feet.	Based	on	behavioral	studies	showing	similar	agency-effects	for	both	the	upper	
and	 the	 lower	 limbs	 (Kannape	et	al.,	2010),	and	 the	notion	of	comparable	 internal	
forward	models	underlying	the	preparation	movements	of	hands	and	feet	(Yavari	et	
al.,	2013),	we	may	expect	sensory	suppression	for	sounds	generated	both	by	the	upper	
and	 the	 lower	 limbs.	 In	 contrast,	 if	 sensory	 suppression	 is	 effector-dependent	 and	
related	 to	 specific	 efferent	 signals	originating	 from	different	motor-related	 regions	
(Drew	et	al.,	2008;	Drew	et	al.,	2002),	we	should	expect	sensory	suppression	to	differ	
between	 the	 upper	 and	 the	 lower	 limbs.	 That	 is,	 the	 anticipation	 of	 the	 sensory	
consequences	of	a	hand	movement	may	be	different	from	those	of	a	feet	movement,	
related	 to	 neural	 differences	 and	 differences	 in	 our	 experience	 with	 associating	
specific	 effects	 to	 our	 actions	 (Hommel,	 Musseler,	 Aschersleben,	 &	 Prinz,	 2001).	
Accordingly,	 the	major	 aim	 of	 the	 present	 study	was	 to	 establish	 whether	 similar	
sensory	suppression	could	be	observed	for	action	effects	generated	by	both	the	upper	
and	the	lower	limbs.	
A	 related	 advantage	 of	 directly	 comparing	 sensory	 suppression	 for	 sounds	
generated	by	the	hands	and	the	feet	is	that	it	allows	to	assess	the	relative	importance	
of	prior	experience	 for	sensory	suppression	 (Horvath	et	al.,	2012;	Lange,	2011).	All	




prior	 practice	 with	 motor-sound	 contingencies	 can	 have	 a	 strong	 effect	 on	 the	
perception	of	sounds	(Repp	&	Knoblich,	2007).	Accordingly,	in	all	studies	on	sensory	



























a	 similar	 sensory	 suppression	 for	 hand-	 and	 foot-related	 sounds,	which	 should	 be	





that	 sensory	 suppression	 occurs	 for	 self-generated	 sounds	 presented	 at	 both	
predictable	 and	unpredictable	 intervals	 (Aliu	 et	 al.,	 2009;	 Bass	 et	 al.,	 2008;	 Lange,	
2011).	Furthermore,	in	a	previous	study	sensory	suppression	was	observed	for	stimuli	
presented	at	both	short	 (i.e.	350	ms)	and	 long	 (i.e.	700	ms)	 latencies	between	the	
action	and	the	sound	(Lange,	2011).	In	this	study	we	presented	sounds	with	different	
delays	 varying	 in	 250	 millisecond	 steps.	 For	 all	 conditions	 we	 also	 assessed	 our	
subjects’	 feeling	of	 agency,	 expecting	 that	 increased	 temporal	 delays	between	 the	
action	and	the	effect	would	result	in	a	decreased	feeling	of	agency	(cf.	Blakemore	et	
al.,	1999;	Leube	et	al.,	2003;	Menzer	et	al.,	2010)	and	possibly	a	systematic	modulation	























During	 the	 experiment	 participants	 were	 seated	 behind	 a	 table	 and	 two	 serial	
response	boxes	(Psychology	Software	Tools,	Sharpsburg,	USA)	were	placed	near	the	
participant’s	hands	and	feet.	One	response	box	was	attached	to	the	table	and	one	





concern	only	 for	 the	 0	ms	delay	 condition,	 in	which	 the	 sound	 coincided	with	 the	
button	press.	Both	 the	hands	and	 the	 feet	were	covered	 from	view	by	means	of	a	



















presented	 corresponded	 to	 their	 button	 press	 or	 not.	 The	 experiment	 was	
programmed	 in	 such	 a	 way	 that	 button	 presses	 were	 continuously	 recorded	 to	










trials.	 Thus	 in	 total,	 for	 each	 experimental	 condition	 we	 obtained	 120	 trials	 (3	
repetitions	per	block,	40	repetitions	per	condition).	In	total	the	experiment	took	about	
1.5	hours.		
The	 experiment	 was	 programmed	 using	 Presentation	 software	
(Neurobehavioral	systems,	Albany,	CA,	USA)	and	the	timing	of	the	stimuli	was	handled	
in	 PCL	 programming,	 as	 this	 allows	 a	more	 precise	 control	 over	 the	 timing	 of	 the	
experimental	events	than	SDL.	Triggers	were	sent	to	the	EEG	computer	in	association	
with	button	press	responses,	the	onset	and	the	offset	of	the	sounds.	Offline	inspection	


















	 	 	 	 	
2.3	Data	analysis	
For	 the	behavioral	 analysis	we	calculated	 the	percentage	of	 ‘yes’	 responses	 to	 the	
question	 ‘Did	 the	 sounds	 correspond	 to	 your	 button	 press?’	 for	 each	 of	 the	
experimental	 conditions.	 In	 addition,	 for	 each	 of	 the	 different	 conditions	 we	










sound	 conditions	 to	 control	 for	 motor-related	 and	 somatosensory-related	 effects	
(Baess	 et	 al.,	 2011;	 Chen	 et	 al.,	 2012;	 ;	 for	 critical	 discussion	 of	 this	method,	 see	
however:	 Horvath,	 2014).	 Trials	 that	 were	 contaminated	 by	 ocular	 or	 muscular	




























subtracted	 from	the	 ‘action	sound’	condition).	 In	a	 first	analysis,	 the	ERP	data	was	
analyzed	using	a	repeated	measures	ANOVA	with	the	factor	Condition	(i.e.	0,	250,	500,	
750,	 1000	ms	delay	 conditions	 and	external	 sound	 condition).	 Post-hoc	 tests	were	
used	to	determine	which	of	the	different	delay	conditions	differed	significantly	from	















Behavioral	 data	 is	 presented	 in	 Figure	 1.	As	 can	be	 seen,	with	 increased	 temporal	





5.9,	 	p	<	 .001,	η2	=	 .35,	was	 found.	Post-hoc	 tests	 indicated	that	 in	 the	0	ms	delay	

















































‘action-no	 sound’	 condition	 (left	plot	 in	 Figure	3)	was	 subtracted	 from	 the	 ‘action-
sound’	condition	(middle	plot	in	Figure	3).	All	statistical	analyses	were	conducted	on	
the	movement-corrected	ERP	data	(right	plot	in	Figure	3).	
























































we	 observed	 sensory	 suppression	 for	 the	 hands	 as	 reflected	 in	 a	 reduced	 P2	




temporal	 delays	 between	 the	 action	 and	 the	 sound.	 This	 finding	 replicates	 earlier	
studies	 (Leube	 et	 al.,	 2003;	 Menzer	 et	 al.,	 2010)	 and	 suggests	 that	 the	 temporal	
proximity	between	executed	movements	and	observed	action	effects	is	an	important	
prerequisite	 for	 the	 feeling	 of	 agency	 (Blakemore	 et	 al.,	 1999;	 Pacherie,	 2008).	 A	
similar	modulation	of	agency	judgments	was	observed	for	hand	and	foot	movements,	
suggesting	that	the	feeling	of	agency	relies	on	comparable	functional	mechanisms	for	







the	 ERP	 findings	 as	well.	 For	 both	 the	upper	 and	 the	 lower	 limbs	we	observed	 an	
attenuation	 of	 the	 N1	 component	 for	 self-generated	 compared	 to	 externally	
generated	sounds,	reflecting	sensory	suppression.	Preliminary	evidence	for	the	notion	
that	 action-effects	 related	 to	 the	 hands	 and	 the	 feet	may	 be	 coded	 in	 a	 common	
format	was	reported	in	a	study	showing	a	comparable	error-related	negativity	(ERN)	








2011;	 Horvath	 et	 al.,	 2012;	 Martikainen	 et	 al.,	 2005;	 Sowman	 et	 al.,	 2012;	
Stekelenburg	&	Vroomen,	2012)	 to	movements	of	 the	 lower	 limbs,	suggesting	that	
comparable	predictive	mechanisms	underlie	the	processing	of	sensory	consequences	
generated	by	the	hands	and	the	feet.		





Hamalainen,	 &	 Waszak,	 2014).	 The	 suppression	 of	 the	 N1-amplitude	 for	 self-
generated	 sounds	 has	 been	 argued	 to	 reflect	 a	 top-down	modulation	 of	 auditory	
cortex	 activity	 related	 to	 efference	 copy	 based	 prediction	 signals	 originating	 from	
premotor	and	motor	areas,	in	association	with	preparing	movements	with	the	hands	




1987).	 The	 notion	 that	 auditory	 suppression	 is	 unspecific	 and	 reflects	 a	 general	
attenuation	of	the	processing	of	sensory	input	is	supported	by	several	EEG	studies	in	
humans	(Hazemann,	Audin,	&	Lille,	1975;	Makeig,	Muller,	&	Rockstroh,	1996;	Tapia,	
Cohen,	 &	 Starr,	 1987)	 and	 this	 effect	 has	 been	 related	 to	 changes	 in	 auditory	













N1	component.	The	 finding	 that	N1	 sensory	 suppression	occurs	 irrespective	of	 the	
temporal	delay	between	one’s	actions	and	the	sensory	consequences,	extends	earlier	
studies	 that	have	 shown	 that	 sensory	 suppression	occurs	at	both	 short	and	 longer	
intervals	between	an	action	and	its	sensory	consequences	(Aliu	et	al.,	2009;	Bass	et	
al.,	2008;	Lange,	2011).	These	findings	indicate	that	the	brain	is	well	able	to	predict	
upcoming	 stimuli	 based	 on	 efferent	 motor	 information,	 even	 when	 the	 sensory	
consequence	 does	 not	 immediately	 follow	 the	 action.	 3 		 In	 addition,	 whereas	 a	
previous	 study	 suggested	 that	 it	 takes	 considerable	 training	 before	 action-sound	
temporal	contingencies	can	be	learned	(Aliu	et	al.,	2009),	the	present	findings	indicate	
that	 these	 associations	 develop	 quickly,	 already	 after	 a	 few	 trials.	4	An	 interesting	









only	 observed	 a	 reduced	 P2	 amplitude	 for	 self-generated	 compared	 to	 externally	
generated	sounds	for	hand	actions,	when	there	was	no	delay	between	the	action	and	
the	sound.	The	observed	dissociation	between	the	effects	of	N1	and	P2	suppression	is	






from	 their	 movements	 was	 systematically	 delayed	 with	 a	 constant	 interval.	 This	







patients	 with	 cerebellar	 lesions	 were	 characterized	 by	 a	 reduced	 N1-suppression	
effect,	but	the	P2-suppression	effect	was	comparable	to	control	participants	(Knolle	
et	al.,	2012).	It	has	been	suggested	that	the	P2	reflects	the	processing	of	the	specific	







In	 the	 present	 study	 the	 inter-stimulus	 interval	was	 kept	 constant,	 but	 the	
auditory	delay	between	the	action	and	the	sound	was	systematically	manipulated.	It	
was	 found	 that	 the	 auditory	 delay	 did	 not	 modulate	 sensory	 suppression,	 but	
interestingly	an	effect	on	the	latency	of	the	N1	component	was	observed.	That	is,	with	
longer	 intervals	between	 the	action	and	 the	 sound	 the	N1	 latency	decreased.	This	
finding	 indicates	 that	 the	 brain	may	 anticipate	 the	 sensory	 consequences	 of	 one’s	
actions	by	adjusting	the	temporal	dynamics	of	sensory	processing.	This	finding	is	 in	
line	with	previous	studies	that	have	reported	a	modulation	of	the	latency	of	the	N1	








of	 building	 up	 sensory	 expectations	 regarding	 the	 temporal	 occurrence	 of	 an	
upcoming	 stimulus	 (e.g.	 Lange,	 2011;	 Melloni,	 Schwiedrzik,	 Muller,	 Rodriguez,	 &	
Singer,	2011).		
Recently,	it	has	been	found	that	the	N1	suppression	for	self-generated	sounds	






seconds	 and	 the	 smallest	 suppression	 for	 sounds	 presented	 every	 .8	 seconds	
(SanMiguel	 et	 al.,	 2013).	 This	 finding	 supports	 the	 notion	 that	 the	N1	 suppression	
effect	 primarily	 reflects	 suppression	 of	 the	 unspecific	 N1	 component	 (i.e.	 N1bU),	





Lenggenhager,	 Heydrich,	 &	 Blanke,	 2014).	 As	 we	 did	 not	 include	 stimuli	 being	
presented	at	different	SOAs	 (i.e.	 the	pace	at	which	the	response	button	was	being	
pressed	 was	 kept	 constant)	 the	 present	 paradigm	 does	 not	 allow	 to	 determine	
whether	the	suppression	affected	mainly	the	unspecific	N1	component	or	the	earlier	
components	of	the	N1	as	well	(e.g.	the	N1bT	originating	from	primary	auditory	cortex).	
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conditions	 (middle	 graph)	 and	 the	 difference	 between	 the	 ‘Action-sound’	 and	 the	
‘Action-no-sound’	 conditions	 (right	 graph).	 The	 topoplot	 indicates	 the	 cluster	 of	
electrodes	that	was	used	in	the	ERP	analysis.	The	lower	plot	represents	the	N1	peak	
amplitude	 (left	graph),	 the	N1	peak	 latency	 (second	graph),	 the	P2	peak	amplitude	













Figure	3:	Event-related	potentials	 for	Foot	blocks.	The	upper	graphs	 represent	 the	
ERPs	for	Foot	blocks,	separately	for	the	‘Action-no	sound’	condition	(left	graph),	the	
‘Action-sound’	 conditions	 (middle	 graph)	 and	 the	 difference	 between	 the	 ‘Action-
sound’	and	the	‘Action-no	sound’	conditions	(right	graph).	The	topoplot	indicates	the	
cluster	of	electrodes	that	was	used	in	the	ERP	analysis.	The	lower	plot	represents	the	
N1	 peak	 amplitude	 (left	 graph),	 the	 N1	 peak	 latency	 (second	 graph),	 the	 P2	 peak	
amplitude	 (third	 graph)	 and	 the	 P2	 peak	 latency	 (right	 graph)	 for	 the	 different	
experimental	 conditions	 (i.e.	 0	 ms	 =	 0	 ms	 delay	 between	 action	 and	 sound	 etc.,	
‘External’	 =	 condition	 in	which	 sounds	were	 externally	 generated	 by	 the	 computer	
without	a	button	press).	Error	bars	represent	standard	errors.	All	statistical	analyses	









graph	 represents	 suppression	 of	 the	 auditory	 N1	 component	 (upper	 graph;	 i.e.	
difference	between	action-sound	and	external-sound	condition)	and	the	P2	component	
(lower	graph;	i.e.	difference	between	action	sound	and	external-sound	condition).	Dark	
lines	 represent	 sounds	generated	by	hand	button	presses,	 light	 lines	 sound	by	 foot	
button	 presses.	 The	 sound	 could	 be	 delayed	with	 respect	 to	 the	 button	 press	with	
different	 intervals	(0	ms,	250	ms,	500	ms,	750	ms,	1000	ms).	The	presented	data	 is	
corrected	 for	 movement-related	 effects	 (i.e.	 the	 ‘action-no	 sound’	 condition	 was	
subtracted	from	the	‘action	sound’	condition).	
	
